Background: Neonatal mortality rates among black infants are lower than neonatal mortality rates among white infants at birth weights <3000 g, whereas white infants have a survival advantage at higher birth weights. This finding is also observed when birth weight-specific neonatal mortality rates are compared between infants of smokers and non-smokers. We provide a parsimonious explanation for this paradoxical phenomenon.
Introduction
At birth weights less than 3,000 g, neonatal mortality rates among infants of smokers are lower than the neonatal mortality rates among infants of nonsmokers. Neonatal mortality rates at higher birth weights and overall neonatal mortality rates favor the infants of nonsmokers, however [1] . The same phenomenon occurs when white infants are compared with black infants [1] [2] [3] . This paradox, first identified by Yerushalmy over 30 years ago [1] , has intrigued perinatologists and epidemiologists for decades. In fact, the finding has been identified as a general phenomenon [4, 5] which emerges when birth weightspecific neonatal or perinatal mortality curves are compared across plurality, race, parity, infant sex, altitude and country [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] .
Until recently, no explanation has coherently addressed the paradox presented by intersecting perinatal mortality curves. Sophisticated statistical approaches [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] , which invoke concepts such as relative birth weight (i.e., birth weight expressed in terms of the population mean and standard deviation) and relative gestational age, have succeeded in resolving the paradox but fail to provide a compelling and biologically plausible explanation. More importantly, use of relative birth weight or relative gestational age, although ingenious, represents a non-parsimonious departure from conventional epidemiologic and medical research practice where relative values of (adult) weight and age are rarely used. The use of relative gestational age has been previously described as "more radical" than use of relative birth weight [5] . The relative birth weight formulation also fails to distinguish between birth weight differences due to differences in gestational duration and birth weight differences due to fetal growth [14, 15] .
The paradox presented by intersecting perinatal mortality curves is important because it suggests a potential flaw in our understanding of perinatal issues. Also, the observation that low birth weight infants of women who smoke are at lower risk of neonatal death relative to low birth weigth infants of nonsmokers may lead to the conclusion that maternal smoking has a beneficial effect if the baby is small. We recently described an alternative formulation of perinatal risk [16, 17] which eliminates the crossover phenomenon in gestational age-specific perinatal mortality rates between singletons and twins and between births to nulliparous and parous women [16] . In this paper, we demonstrate that the same solution is applicable to contrasts involving maternal race and smoking status. We also provide additional insights that support our solution for the paradox presented by intersecting perinatal mortality curves.
Methods
We used data on all live births and stillbirths in the United States in 1997 (National Center for Health Statistics 1997 perinatal mortality data file for all states and the District of Columbia). Live births and infant death records were previously linked and missing or inconsistent information on gestational age was imputed or replaced in a small fraction of records by the National Center for Health Statistics (Hyattsville, Maryland). Gestational age was imputed from the month and year of the last menstrual period (LMP) when LMP day was missing [18] . LMPbased gestational age information was replaced by the clinical estimate when the former was inconsistent with birth weight or when there was no information on LMP [19] .
We first compared birth weight and gestational age distributions and birth weight-and gestational age-specific mortality rates among whites and blacks. All analyses were restricted to singleton live births and stillbirths ≥22 weeks gestational age and ≥500 g birth weight. Mortality indices of interest included stillbirth and early neonatal (0 to 6 days), perinatal (stillbirths plus early neonatal deaths), neonatal (0 to 27 days), post-neonatal (28 to 364 days) and infant (0 to 364 days) mortality rates. In order to demonstrate the paradox of intersecting mortality curves, we first calculated birth weight-and gestational age-specific stillbirth and perinatal mortality rates by using the number of total births (stillbirths and live births) at each birth weight or gestational age as the denominator (as per convention). Similarly, we calculated birth weight-and gestational age-specific early neonatal, neonatal, post-neonatal and infant mortality rates (as per convention) by using the number of live births at each birth weight or gestational age as the denominator.
We then used the number of fetuses at risk of stillbirth at each gestation in order to calculate the gestational agespecific rates of stillbirth. For instance, the stillbirth rate at 32 weeks gestation was computed by dividing the number of stillbirths at 32 completed weeks by the number of live births and stillbirths at 32 or more completed weeks of gestation (i.e., all ongoing pregnancies at 32 weeks were included in the denominator). This implies that fetuses who went on to deliver at 33, 34, and 35 or more weeks gestation were at risk of stillbirth at 32 weeks. Similarly, we calculated gestational age-specific rates of perinatal, early neonatal and neonatal mortality using the fetuses-atrisk approach. Thus a fetus (unborn) at 32 weeks gestation was considered to be at risk of birth and at risk of neonatal death at that gestation. This formulation is justified on substantive grounds and best illustrated by considering a growth-restricted fetus at 32 weeks in a pregnancy complicated by severe preeclampsia [17] . The fetus in this situation is at increased risk of stillbirth, birth, neonatal death and even of physical/mental handicap later in life [17, 20] . Deaths in a preceding time segment (e.g., stillbirths) were viewed as competing risks (non-independent) in analyses of death involving succeeding time segments e.g., neonatal death [21] . This represents a survival analysis perspective with subjects (fetuses) censored at birth. Death soon after birth or cerebral palsy is assigned to the point of birth since these outcomes have their origins in pregnancy complications [17, 20] .
We also examined gestational age-specific patterns of birth ("birth rates") and fetal growth-restriction using the fetuses-at-risk approach [16, 17] . Gestational age-specific birth rates were calculated by dividing the number of births (live births and stillbirths) at any gestation by the number of fetuses at risk of birth at that gestation. Growth-restricted fetuses were identified among live births using the sex-specific 10 th percentile cut-off from a fetal growth standard based on live births in the United States [22] . The rate of gestational age-specific growthrestriction was calculated by dividing the number of small-for-gestational age live births at any gestation (i.e., those <10 th percentile of birth weight for gestational age) by the number of fetuses at risk for birth at that gestation.
All the above-mentioned analyses were repeated using maternal smoking status as the determinant across which mortality curves intersect. For these analyses, we excluded all live births and stillbirths with a birth weight <500 g or a gestational age <22 weeks and all multiple gestation births. We also excluded all live births and stillbirths that occurred in California, Indiana, New York and South Dakota, since these states did not provide information on smoking status [23] .
Results
The rates of preterm birth (<37 weeks) and low birth weight (<2,500 g) among whites were 8.8% and 5.0%, respectively, while the corresponding rates among blacks were 15.8% and 11.1%. This was a consequence of a 'shift to the left' in the gestational age and birth weight distributions of blacks relative to whites (Figure 1 ). The perinatal mortality rate was 6.1 per 1,000 total births among whites and 11.5 per 1,000 total births among blacks. Among whites, 65.9% of perinatal deaths occurred at preterm gestation and 67.0% occurred among those born low birth weight, while the corresponding figures for blacks were 76.0% and 77.4%, respectively. Birth weight-specific neonatal mortality rates (per 1,000 live births at each birth weight) intersected, with blacks having lower neonatal death rates at birth weights <3,000 g and higher neonatal mortality rates in birth weight categories ≥3,000 g ( Figure  1 ).
Gestational age-specific neonatal mortality rates also intersected, with blacks having lower rates of neonatal mortality relative to whites at preterm gestational ages and higher rates at gestational ages ≥38 weeks ( Figure 2 ). Although gestational age-specific mortality curves of blacks and whites also intersected when stillbirth rates and early neonatal mortality rates were contrasted, there was no crossover in post-neonatal mortality rates ( Figure  2 ).
When gestational age-specific mortality contrasts were recalculated using the fetuses-at-risk approach, the stillbirth, early neonatal, perinatal, neonatal, post-neonatal and infant mortality curves did not intersect ( Figure 3 ). Mortality rates computed using the fetuses-at-risk approach showed that mortality rates increased with advancing gestational age (as opposed to the decline seen with the conventional formulation). Among whites, perinatal mortality rates increased from 0.21 per 1,000 at 32 weeks gestation, to 0.39 per 1,000 at 37 weeks and to 0.76 per 1,000 fetuses-at-risk at 40 weeks gestation (Table 1) , whereas among blacks perinatal mortality rates increased from 0.47 per 1,000 at 32 weeks gestation, to 0.64 per 1,000 at 37 weeks and to 1.09 per 1,000 fetuses-at-risk at 40 weeks gestation ( Table 2 ). Curves of race-and birth weight-specific perinatal and neonatal mortality also did not intersect when mortality rates were calculated using births at a given or higher birth weight as the denominator (not shown).
Birth rates among blacks were higher than birth rates among whites and gestational age-specific patterns of birth corresponded to gestational age-specific patterns of perinatal mortality upto 39 weeks gestation ( Figure 4 ). Differences in birth rates between blacks and whites were evident at early gestational ages between 22 and 27 weeks as well (not shown). Fetal growth-restriction rates among whites and blacks also presaged rising rates of perinatal death. Patterns of fetal growth-restriction were congruent with perinatal mortality rates among whites and blacks at both preterm (28-36 weeks, Figure 4 ) and term gestational ages (37-42 weeks, Figure 4 ).
Analyses by maternal smoking status yielded essentially similar results ( Figure 5) ; use of the fetuses-at-risk approach abolished the mortality crossover and showed higher mortality rates among smokers than among nonsmokers at all gestational ages (Tables 3 and 4) . Birth rates among smokers were higher than birth rates among nonsmokers and corresponded to gestational age-specific patterns of perinatal death up to 37 weeks gestation. Birth rate differences at gestational ages 28 to 36 weeks were less pronounced than for the white-black contrast, however. Gestational age-specific growth restriction rates among smokers (fetuses-at-risk approach) were approximately 1.5 times higher than among nonsmokers at 32-33 weeks gestation (Tables 3 and 4) . At 34 weeks gestation and beyond, growth-restriction rates among smokers were approximately two fold higher than among non-smokers. Growth-restriction rates among smokers and nonsmokers Gestational age and birth weight distributions and birth weight-specific neonatal mortality rates among whites and blacks Figure 1 Gestational age and birth weight distributions and birth weight-specific neonatal mortality rates among whites and blacks. Legend text: Gestational age (1a) and birth weight (1b) distributions and birth weight-specific neonatal mortality rates (1c) among white and black births, United States, 1997.
increased with increasing gestation in parallel with rising perinatal mortality rates ( Figure 5 ).
Discussion
Birth weight-and gestational age-specific fetal, perinatal, neonatal and infant mortality rates among whites and blacks and among nonsmokers and smokers intersect if these indices are calculated based on births that occur at any particular birth weight or gestational age. On the other hand, appropriate epidemiologic conceptualization of the candidates at risk of fetal, perinatal and neonatal death leads to the fetuses-at-risk approach and eliminates the crossover paradox. This represents a parsimonious solution to a paradox that has plagued the perinatal literature for over 3 decades.
The problem of intersecting birth weight-specific neonatal mortality curves as originally formulated by Yerushalmy [1] has several obfuscating elements. The first step towards a solution involves a shift from birth weight-specific mortality to gestational age-specific mortality ( Figure   2 ). Such a shift in focus has been advocated in other contexts as well, since birth weight reflects the combined effects of gestational duration and fetal growth [24] [25] [26] . Recognizing that the crossover phenomenon is linked to pregnancy-related events flows from the demonstration that stillbirth and early neonatal, perinatal and neonatal mortality curves all show the crossover paradox, while post-neonatal mortality curves do not (Figure 2) . The penultimate step in the solution involves reformulating the denominators necessary for calculating gestational age-specific stillbirth rates -this step eliminates the stillbirth crossover phenomenon. In fact, this reformulation of denominators for gestational age-specific stillbirth rates was first proposed over 15 years ago [27, 28] and is widely accepted [16, 17, [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] . The last and perhaps least obvious step in the solution involves a similar reformulation of the denominator for calculating gestational age-specific neonatal mortality rates. Accepting that fetuses-at-risk constitute the appropriate denominator for gestational age-specific perinatal and neonatal mortality rates is challenging. However, there are cogent substantive grounds Gestational age-specific stillbirth, neonatal, post-neonatal and infant mortality rates among whites and blacks calculated as per convention Figure 2 Gestational age-specific stillbirth, neonatal, post-neonatal and infant mortality rates among whites and blacks calculated as per convention. Legend text: Gestational age-specific stillbirth (2a), neonatal (2b), post-neonatal (2c), and infant (2d) mortality rates among white and black births calculated as per convention, United States, 1997.
for accepting that fetuses at any gestation are at risk of birth and at risk of neonatal death [16, 17, 29] and even cerebral palsy at that gestation [17, 20] .
The use of the fetuses-at-risk approach eliminates the perinatal mortality crossover and shows that blacks have higher gestational age-specific mortality rates than whites at all gestational ages. Similarly, gestational age-specific perinatal mortality rates are higher among smokers than among non-smokers at all gestational ages. Presumably, a relatively unfavorable intrauterine environment among blacks is responsible for both a higher birth rate at preterm gestation and a higher rate of intrauterine growthrestriction. Among smokers, the adverse uterine environment appears to have a larger effect on the pattern of growth-restriction than on the pattern of birth ( Figure 5) . Rates of birth, intrauterine growth-restriction and mortality all increase with increasing gestational age and differentially alter the ratio of deaths to survivors (among white and black births and among births to smokers and nonsmokers) and this leads to the paradox of intersecting perinatal mortality curves (under the traditional persective). The relationship between the higher rates of birth and growth-restriction (which are both associated with a unfavorable uterine environment) is a matter of speculation. The dissonance between birth rates and growthrestriction rates at term gestation (note cross over in birth rates but not growth-restriction rates, Figures 4 and 5) , suggest that birth rates and growth-restriction rates may be independently affected by an the uterine environment. Some of the differences in birth rates at preterm and especially at term gestation and also in growth-restriction rates may be due to the differential use of labour induction and/or cesarean delivery in the contrasted populations, however [23] .
The adoption of the fetuses-at-risk approach has important clinical and epidemiologic implications. The risk of stillbirth increases with advancing gestational age. From the perspective of fetuses, those with a longer gestational Gestational age-specific stillbirth, neonatal, perinatal, and infant mortality rates among whites and blacks calculated using the fetuses-at-risk approach Figure 3 Gestational age-specific stillbirth, neonatal, perinatal, and infant mortality rates among whites and blacks calculated using the fetuses-at-risk approach. Legend text: Gestational age-specific stillbirth (3a), neonatal (3b), perinatal (3c), and infant (3d) mortality rates among white and black births calculated using the fetuses-at-risk approach, United States, 1997.
duration also suffer higher rates of neonatal mortality. These findings provide a preliminary theoretical justification for recent population increases in medically-indicated labour induction at preterm, term and post-term gestation [39] [40] [41] and represent an instance of obstetric theory catching up with obstetric practice. Recent increases in labour induction cannot be reconciled with conventionally calculated patterns of gestational age-specific stillbirth and neonatal mortality (both of which decrease with increasing gestation). On the other hand, selective and carefully timed early delivery in high-risk pregnancy is consistent with rising rates of gestational agespecific perinatal mortality observed under the fetuses-atrisk approach. It is noteworthy that although a few advances in obstetrics have permitted the prolongation of gestational duration in some high-risk pregnancies (e.g., through intrauterine blood transfusions in Rh hemolytic disease of the newborn), such maneuvers have only had a modest effect in preventing stillbirth and neonatal death. Temporal reductions in perinatal mortality owe more to early delivery (including delivery at preterm gestation) achieved through labour induction and/or cesarean delivery and supportive advances in neonatal care (than to prolongation of pregnancy). On the other hand, our findings do not support early delivery that is not medically indicated. The risk of perinatal death and/or serious neonatal morbidity in a normal pregnancy (and even on average, see Figure 3 ) is small and the increase in such risk per gestational week is small as well. Early delivery can be justified only in carefully selected cases of high-risk pregnancy where signs of fetal compromise indicate a high and sharply rising absolute risk of perinatal mortality and/or serious neonatal morbidity [17] .
Birth rates, fetal growth-restriction rates (FGR) and perinatal mortality rates among whites and blacks Figure 4 Birth rates, fetal growth-restriction rates (FGR) and perinatal mortality rates among whites and blacks. Legend text: Birth rates (4a and 4c) and fetal growth-restriction (FGR) rates (4b and 4d) in relation to perinatal mortality rates at 28 to ≥42 weeks (4a and 4b) and at 28 to 36 weeks gestation (4c and 4d) among white and black births calculated using the fetuses-at-risk approach, United States, 1997.
Other clinical implications of our study relate to the assumptions underlying the creation of fetal growth standards. For example, the use of a fixed percentile cutoff for identifying small-for-gestational implies a constant rate of growth-restriction across gestation (e.g., approximately 10% of live births at each gestation will be smallfor-gestational age if the 10 th percentile cut-off is used), whereas our formulation shows that gestational age-specific growth-restriction rates increase with increasing gestation (Tables 3 and 4 ). Our formulation of rising gestational age-specific growth-restriction rates is congruent with our finding that gestational age-specific perinatal mortality rates rise with increasing gestational age ( Figures  4 and 5) . The fetuses-at-risk approach also provides a methodology for empirically determining the need for customized fetal growth standards [42] .
Our conceptualization of gestational age-specific risks also has major implications for epidemiologic research. Logistic models of perinatal death which adjust for gestational age or birth weight implicitly use the conventional denominators and provide an average of the opposing gestational age-or birth weight-specific effects of race and maternal smoking on mortality. In fact, gestational age and birth weight are better viewed as variables in the causal pathway between fetal compromise and death. Another caveat stems from the pattern of gestational agedependent increases in mortality rates in contrasted populations -as observed in this study and elsewhere [16, 34, 43] these rates are not proportional across gestational age. Finally, it should be recognized that the time scales used for events that occur in utero (viz., gestational age) and events that occur in infancy (viz., age) overlap because they have different anchors (last menstrual period and birth, respectively). The problems that Birth weight distributions, birth weight-specific neonatal mortality rates, birth rates, fetal growth-restriction (FGR) rates and perinatal mortality rates among smokers and nonsmokers Figure 5 Birth weight distributions, birth weight-specific neonatal mortality rates, birth rates, fetal growth-restriction (FGR) rates and perinatal mortality rates among smokers and nonsmokers. Legend text: Birth weight distributions (5a), birth weight-specific neonatal mortality rates (5b), birth rates in relation to perinatal mortality rates (5c) and fetal growth-restriction (FGR) rates in relation to perinatal mortality rates (5d) among births to smokers and nonsmokers calculated using the fetuses-at-risk approach, United States, 1997.
arise from the use of two overlapping time scales are well recognized [44] and can be avoided using a single time scale such as post-menstrual or post-conceptional age [16, 17, 43] .
The limitations of our study include those that attend the use of data from large databases. The estimates of gestational age are likely to be erroneous in a fraction of records. This is especially true for stillbirths; the gestational age at delivery of a stillbirth systematically overestimates the gestational age at death. However, this difference is not likely to be large in most instances, especially in recent years [27] . More importantly, this problem is unlikely to have affected our study results, since the crossover paradox was evident despite this limitation. Errors in the gestational age of live births may have influenced the gestational age-dependent mortality patterns to a small extent, although sensitivity analyses carried out after excluding births with imputed gestational ages showed similar patterns (data not shown). Other potential errors include under-reporting of smoking status [45] , inconsistencies in data transcription and missing * Total births at each gestational week served as the denominator for stillbirth and perinatal mortality rates (1), while live births at each gestational week constituted the denominator for neonatal mortality rates (1) . Stillbirth, perinatal (stillbirths plus early neonatal deaths) and neonatal mortality rates (2) were calculated using fetuses-at-risk as the denominator (see text). All rates are expressed per 1,000. † This period of risk exceeds 1 week and partly explains the large increase in the perinatal mortality (2) . ‡All gestational ages, including those <32 weeks and those with missing gestational age. * Total births at each gestational week served as the denominator for stillbirth and perinatal mortality rates (1), while live births at each gestational week constituted the denominator for neonatal mortality rates (1) . Stillbirth, perinatal (stillbirths plus early neonatal deaths) and neonatal mortality rates (2) were calculated using fetuses-at-risk as the denominator (see text). All rates are expressed per 1,000. † This period of risk exceeds 1 week and partly explains the large increase in the perinatal mortality (2). ‡ All gestational ages, including those <32 weeks and those with missing gestational age.
gestational age or birth weight information in a fraction of births (<1% among black and white live births). Finally, our estimates of fetal growth-restriction represent approximations [17] , especially because they are based on growth-restricted live births at each gestation (i.e., "revealed" growth-restriction).
Conclusions
We have provided a parsimonious solution to the paradox of intersecting perinatal mortality curves among whites and blacks and among smokers and nonsmokers. Blacks have higher perinatal mortality rates than whites and smokers have higher perinatal mortality rates than nonsmokers at all gestational ages and birth weights. More importantly, the new perspective that emerges from the fetuses-at-risk formulation provides several important * Total births and live births at each gestational week served as the denominators for perinatal mortality rates (1) and growth-restriction rates (1), respectively. Perinatal mortality and growth-restriction rates (2) were calculated using the number of fetuses at risk as the denominator (see text). Fetuses-at-risk for the growth-restriction rate calculation exclude those over 44 weeks and those with missing gestational age or birth weight. All rates are expressed per 1,000 except for growth-restriction rates (1) which are per 100. † This period of risk exceeds 1 week and partly explains the large increase in the perinatal mortality rate (2). ‡ All gestational ages, including those <32 weeks and those with missing gestational age. SGA denotes small for gestational age. * Total births and live births at each gestational week served as the denominators for perinatal mortality rates (1) and growth-restriction rates (1), respectively. Perinatal mortality and growth-restriction rates (2) were calculated using the number of fetuses at risk as the denominator (see text). Fetuses-at-risk for the growth-restriction rate calculation exclude those over 44 weeks and those with missing gestational age or birth weight. All rates are expressed per 1,000 except for growth-restriction rates (1) which are per 100. † This period of risk exceeds 1 week and partly explains the large increase in the perinatal mortality rate (2). ‡ All gestational ages, including those <32 weeks and those with missing gestational age. SGA denotes small for gestational age.
clinical and epidemiologic insights into perinatal health issues.
